The serotonin (5-HT) system is generally considered as a single modulatory system, with broad and diffuse projections. However, accumulating evidence points to the existence of distinct cell groups in the raphe. Here, we review prior evidence for raphe cell heterogeneity, considering different properties of 5-HT neurons, from metabolism to anatomy, and neurochemistry to physiology. We then summarize more recent data in mice and zebrafish that support a genetic diversity of 5-HT neurons, based on differential transcription factor requirements for the acquisition of the 5-HT identity. In both species, PET1 plays a major role in the acquisition and maintenance of 5-HT identity in the hindbrain, although some 5-HT neurons do not require PET1 for their differentiation, indicating the existence of several transcriptional routes to become serotoninergic. In mice, both PET1-dependent and -independent 5-HT neurons are located in the raphe, but have distinct anatomical features, such as the morphology of axon terminals and projection patterns. In zebrafish, all raphe neurons express pet1, but Pet1-independent 5-HT cell groups are present in the forebrain. Overall, these observations support the view that there are a number of distinct 5-HT subsystems, including within the raphe nuclei, with unique genetic programming and functions.
INTRODUCTION
Because serotonin (5-HT) innervation is very diffuse and modulatory in nature, all cells in the brain are in one way or another under 5-HT influence. Indeed, 5-HT neurotransmission is implicated in an amazingly vast array of behavioural and physiological states and functions (sleep, mood, appetite, anxiety, neurovegetative control, etc.) [1] . It is common to think of the 5-HT system as a single entity because all 5-HT cells/neurons share common biosynthetic/degradation pathways and act on the same set of receptors. Hence, these neurons are all affected by drugs targeting 5-HT metabolism. However, a growing body of evidence now suggests that there are several 5-HT subsystems in the organism and in the brain in particular. These 5-HT subsystems subserve different functions, some of which can be very local, and have unique cytological and anatomical organizations. It is then likely that a different genetic programming underlies the generation of the diversity present among 5-HT neurons, as will be argued in this review.
The recognition of the existence of different 5-HT subsystems begins outside the brain. Various organs, such as the gut, blood vessels, the thyroid, the pancreas and the mammary gland, produce 5-HT [2 -6] . These sources of 5-HT are independently regulated and act locally to control the function of the organ to which they belong. Recently, the placenta was added to the list of organs that synthesize their own 5-HT. In the placenta, serotonin produced in the syncytiotrophoblasts could have a local trophic effect, but could also provide an early developmental source of 5-HT to the embryo before the maturation of the raphe [7, 8] . These important observations indicate that the 5-HT phenotype includes multiple different cellular entities and subsystems that serve a specific dedicated function. In the central nervous system (CNS), the situation is less clear. Although the existence of several 5-HT subsystems has been proposed since the first anatomical description of the brainstem cellular 5-HT subgroups in the raphe [9, 10] , and was further supported by numerous anatomical and functional studies [11, 12] , it has been difficult to reconcile the evidence derived from multiple technical strategies into one clear view of the anatomical organization of 5-HT systems and to link them to specific functional correlates.
In the present review, we will focus on the CNS of vertebrates, and consider the previous evidence for a heterogeneity of the 5-HT systems, based on different methodological approaches spanning from anatomy to physiology. Then, we will report more recent evidence in mice and zebrafish, illustrating new aspects of the developmental and genetic heterogeneity of central 5-HT neurons.
DIVERSITY OF SEROTONIN METABOLIC PATHWAYS
A common denominator of all 5-HT cells in the organism is their capacity to produce, take up, store and release 5-HT. These basic neurotransmitterrelated functions require a biosynthetic and transport machinery that is common to all 5-HT cells, but with some variants in the proteins involved according to cell types and species.
In mammals, the biosynthetic pathway transforming the essential amino acid tryptophan into 5-HT involves tryptophane hydroxylase (TPH), which comes in two isoforms, TPH1 and TPH2. The raphe neurons of the brain use TPH2 [13, 14] , although TPH1 expression was detected at certain developmental stages [15] . In most other organs, such as the pineal gland, enterochromaffin cells, mammary gland, islet beta cells of the pancreas, vessel intima and placenta, TPH1 was found to be the dominant isoform [2] [3] [4] [5] [6] [7] . However, TPH2 is also expressed by a few cells in the periphery, for instance, in the myenteric 5-HT-containing cells [5] . After biosynthesis, 5-HT is concentrated in intracellular organelles, the synaptic vesicles in neurons, by a transporter, the vesicular monoamine transporter (VMAT), which also exists in two different forms, VMAT2 and VMAT1; VMAT2 is the dominant isoform in the brain, while VMAT1 is essentially expressed in the periphery [16] . In contrast, only one form of the 5-HT transporter (SERT) and of the aromatic L-amino acid decarboxylase (AADC) have been identified. Degradation of 5-HT, an essential part of 5-HT homeostasis, is ensured by monoamine oxidase (MAO), for which there are two isoforms, MAOA and MAOB. MAOA is the main variant responsible for 5-HT degradation in CNS [17] , particularly during brain development [18] .
In zebrafish, as in other teleost fishes, the serotoninergic phenotype is encoded by a set of genes similar to that in mammals [19] . However, owing to a whole genome duplication event taking place at the base of the teleost radiation, followed by neo-, sub-or nonfunctionalization of duplicated genes, the zebrafish genome often contains additional copies of genes found in mammals [20, 21] . Accordingly, zebrafish teleosts possess three different tph genes (tph1a, tph1b and tph2) [22, 23] , two sert (serta and sertb, also known as slc6a4a and slc6a4b, respectively) [24, 25] and two vmat (vmat1 and vmat2) genes [26] . The mao and aadc genes, however, only exist as single homologues of mammalian genes [26] [27] [28] [29] . Interestingly, by pharmacological criteria, the zebrafish Mao resembles the mammalian MAOA, with a higher affinity for 5-HT than for dopamine (DA) or noradrenaline [30] . Expression of some of these 5-HT-related genes in zebrafish has until now been reported only in the CNS, with different patterns according to cell groups (figures 1 and 2). Thus, tph1a and sertb are detectable in the basal forebrain [23, 24, 31] . In addition, tph1a transcripts are found in cells along the floor plate of the spinal cord, whereas tph1b expression was reported only in a small preoptic cell population during late embryonic stages [23] . In zebrafish as in mammals, tph2 and serta are expressed by the serotoninergic neurons of the raphe nuclei, but they are additionally expressed by neurons in the pretectal area of the forebrain [22, 24, 31] . All three tph paralogues are detectable in the pineal gland. As expected, all the cell populations expressing either of the Tph-encoding genes also contain 5-HT [27, 32] . These characteristics of zebrafish provide a unique possibility to genetically target specific subsets of 5-HT neurons and thereby to relate them to distinct functions.
Orthologues of all the 5-HT metabolic pathways exist in invertebrates such as Drosophila melanogaster and Caenorhabditis elegans, as recently reviewed by Flames & Hobert [33] , and 5-HT immunoreactivity is found in a number of neurons of both species. Furthermore, the 5-HT neurons of both D. melanogaster and C. elegans arise from distinct progenitors, which depend on unique developmental regulatory networks for their differentiation and maturation, and eventually serve very different purposes. Taken together, these findings indicate that, in invertebrate species also, there is a considerable heterogeneity in the genetic programming and functions of the 5-HT neuron population.
In addition to the 5-HT-producing neurons, a large number of cells in the organism can be technically considered as serotoninergic because they store and release 5-HT although they do not produce it. In the periphery, these are the platelets, mastocytes and several neural-crest-derived cells [3, 34] or specialized subsets of epithelial cells [35] . In the mammalian brain, a large set of developing neurons in the forebrain (thalamus, limbic cortex, retina, etc.) expresses the 5-HT transporter (SERT) and a combination of VMAT2 or VMAT1, although they do not express any known isoform of the amine biosynthetic enzymes, such as TPH or AADC [36 -38] . The expression of the 5-HT-concentrating genes and 5-HT-synthesizing genes can therefore be dissociated during cell differentiation, and are likely to be controlled in part by different transcriptional programmes. For instance, LIM homeobox transcription factor 1, beta (Lmx1b) or FEV (fifth Ewing variant; Pet1), which are transcription factors required for the differentiation of 5-HT neurons in the brainstem (see later text), are not expressed in the brain regions where transient expression of SERTand VMAT2 is observed. Moreover, these transient expression patterns are maintained in Lmx1b or Pet1 knockout mice [39] . The localization and presumed function of these 'quasi-serotonin' neurons has been reviewed recently [40, 41] and will not be further discussed here.
ANATOMICAL DIVERSITY OF SEROTONIN-PRODUCING NEURONS IN THE BRAIN
In mammals, all 5-HT cell groups originate embryologically from the hindbrain in rhombomeres (r) 1-3 and 5 -7 [42] [43] [44] . However, because in the adult brain, the most rostrally located 5-HT neurons (derived from rhombomerere 1) intermix with DA neurons in the midbrain, owing to migration and developmental reorganization, some 5-HT neurons have been inappropriately referred to as mesencephalic. A large majority of 5-HT cells is confined to the hindbrain. These 5-HT neurons form distinct cell groups initially described as the B1 -B9 groups. This terminology was coined by Annica Dahlströ m and Kjell Fuxe in the 1960s, when describing for the first time their anatomical localization, using formaldehyde-induced fluorescence [9] . The B groups referred to a yellow fluorescence that differed from the green fluorescence of the catecholamine cell groups, designated as the A groups. The anatomy of these cell groups was further refined by immunocytochemical analyses using antisera to 5-HT developed by Steinbush and colleagues in the early 1980s [10] . The numbering of the 5-HT cell groups begins caudally (B1, B2, B3) in the medulla and continues rostrally (B4-B9) in the pons and midbrain. Many years later, this terminology is still useful, because it refers to groups of cells with a similar chemical identity, rather than to a specific anatomical structure. Although individual clusters do correspond to specific brainstem nuclei (B1, raphe pallidus; B2, raphe obscurus; B3, raphe magnus; B4, dorsal to prepositus hypoglossi; B5, raphe pontis; B6, caudal part of raphe dorsalis; B7, raphe dorsalis; B8, centralis; B9, the supralemniscal nucleus), none of these nuclei is exclusively serotoninergic. Even in the dorsal raphe, which contains by far the largest number of 5-HT neuronsin the order of 11-15 000 in the rat [45, 46] -there are twice as many non-5-HT neurons [45] . These primary anatomical descriptions brought forth the first evidence for a morphological heterogeneity among the raphe neurons. However, contrary to the dopamine system, in which the A8-A14 terminology designates fairly well-defined anatomical subsystems, it has remained difficult to match the B1-B9 cell groups to clearly identifiable anatomo-functional pathways (except perhaps for the most caudal groups implicated in respiratory control).
One of the difficulties in identifying clear anatomofunctional units within the ascending 5-HT pathways derives from the particular geometry of the raphe cell groups, which are bundled into tight clusters along the midline, with a somewhat 'artificial' partition by axon tracts. Thus, it is unclear whether the general architecture outlines anatomically separate nuclei. Moreover, while a broad topography of the projections exists, generally the projections have been described as diffuse and highly collateralized [47] [48] [49] . Indeed, a single raphe neuron is able to extend axons over very large distances, reaching many different brain regions. Moreover, 5-HT can be released from non-synaptic sites all along the axon (volume transmission [50] ). After several decades of anatomical tracing and functional analyses, some operational subdivisions of the raphe neurons have however emerged, based on the anatomical connections and physiological characteristics. Developmental studies and anatomical tracings showed, for instance, that there are two broad subdivisions of the raphe cell groups into rostral (B6-B9) and caudal cell groups (B1-B5), with projections to the forebrain and to the hindbrain, respectively [51] . Within the rostral domain, further rostrocaudal partitions were made based on retrograde tracing [48] . Schematically, the rostral third projects to the caudate nucleus, the intermediate zone projects to the amygdala and the caudal third to limbic structures, such as the hippocampus [48] . However, this organization only partly matches the more classical subdivision into dorsal (B6, B7) and median (B8, B9) raphe neuronal cell groups [49] . Further studies in rodents and humans [10, 52] identified five subregions within the dorsal raphe (DR ¼ B6, B7). These groups were named as follows: the interfascicular nucleus, rostral (DRr), caudal (DRc), ventral (DRV), lateral (DRL, or lateral wings) and dorsal (DRd), the latter being further subdivided into a core (DRDc) and a shell (DRDsh). Besides a clear topographic organization and morphology, the neurons in these different subgroups could be differentiated by their neurochemical and electrophysiological characteristics (see below), and by some general features of their connectivity. For instance, tracing studies showed that the core area of the DR (the DRDc) is characterized by highly collateralized neurons, whereas more peripherally situated areas contain less highly collateralized neurons [47] . For an extensive review of the anatomical organization and connections of these subnuclei see [12] .
In non-placental vertebrates (i.e. fish, amphibians, reptiles, birds and monotremes), the general organization of the raphe 5-HT neurons follows a similar plan as in placental mammals. However, non-placentals exhibit a significantly wider distribution of 5-HT immunoreactive cells outside the raphe region. One extreme is represented by jawless and cartilaginous fishes, with prominent 5-HT populations in the forebrain and spinal cord in addition to the hindbrain 5-HT cell groups (reviewed in [19] ). However, in most species examined, it is still unclear whether the non-raphe populations are truly serotoninergic or belong to the 'quasi-serotonin' neurons discussed earlier. Currently, only a few thorough analyses have been made in the pigeon and zebrafish CNS, in which the more widespread prevalence of 5-HT neurons was correlated to expression of Tph and therefore likely reflects neurons producing 5-HT [19, 27, 32, 53] . In zebrafish, in addition to the 5-HT neurons in the raphe nuclei, 5-HTcontaining cells have been identified in the retina, the pretectum, the hypothalamus/posterior tuberculum, the vagal lobes and the spinal cord. Scattered 5-HT cells were also found in the reticular formation and transiently in the preoptic area. Most of these various serotoninergic populations express different tph and sert homologues (see above). Owing to the presence of multiple serotoninergic populations along the anterior/ posterior axis, and an intricate and widespread distribution of 5-HT-containing fibres throughout the brain, it has been difficult to separate the serotoninergic innervation originating from the various 5-HT populations. Thus, a direct comparison with the mammalian 5-HT circuits is difficult and the functional relationship between serotoninergic clusters in mammals and zebrafish remains unclear. Nevertheless, it has been assumed that, in teleosts, the rostral and caudal raphe populations innervate most brain and spinal cord areas in a manner similar to that described in mammals [54] and, accordingly, that they play equivalent functional roles. Indeed, 5-HT immunoreactive fibres have been detected in all major areas of the teleost CNS (see [19] ).
We isolated the zebrafish ETS-domain transcription factor-encoding gene pet1 [31] , which is expressed uniquely in the raphe serotoninergic neurons in zebrafish, and then used the pet1 regulatory elements to generate a transgenic line expressing green fluorescent protein (GFP). This allowed the selective visualization of the raphe 5-HT projections [55] . The analysis of this transgenic line showed that raphe serotoninergic neurons provide a rich innervation to most brain areas, except the optic tectum and cerebellum. Notably, the cerebellum of zebrafish has very few (if any) 5-HT immunoreactive fibres (C. Lillesaar 2009, unpublished data). The optic tectum, unlike in mammals, must receive 5-HT projections from other 5-HT neurons than the raphe. A likely source for these fibres is the pretectal population. Retrograde tracing in the pet1:egfp transgenic line further demonstrated the existence of functional subdivisions within the rostral raphe complex, but less prominent than those described in mammals. One dorsally located population in the rostral raphe projects primarily to the olfactory bulb and the telencephalon, and a second population, containing larger and more ventrally located cells, targets the hypothalamus. A previously overlooked serotoninergic population in the ventrolateral hindbrain of the zebrafish provides a dense innervation to the preglomerular complex. Finally, the caudal raphe population projects locally in the hindbrain and to the spinal cord. This study confirmed that, similar to those of mammals, in zebrafish, projections of the rostral and caudal raphe are restricted to the anterior (forebrain, midbrain) or posterior (hindbrain, spinal cord) domains, respectively. Taken together, these results highlight similarities, but also point out important anatomical differences between zebrafish and mammals with respect to the central serotoninergic systems.
DIVERSITY OF AXONAL MORPHOLOGY
A further morphological distinction between the 5-HT neurons was based on the observation of the morphology of 5-HT axon terminals. Careful anatomical examination of the serotoninergic axons in different brain areas identified two types of terminals in rats [56] and primates [57] . In rats, anterograde-tracing experiments showed that dorsal raphe axons displayed fine beaded varicosities, while the medial raphe projections showed large round sparse varicosities. This was matched to the morphology of 5-HT immunostained Review. Probing raphe neurons P. Gaspar and C. Lillesaar 2385 axons [56] . The distribution of these fibres differed according to the brain regions, and displayed a striking difference in their sensitivity to amphetamine derivatives, 3,4-methylenedioxyamphetamine (MDA) and 3,4-methylenedioxymethamphetamine (MDMA), with the largest fibres being more resistant to the effects of toxins than the fine ones. In primates, two types of terminal axons were also described, one with sparse, small, ovoid varicosities (less than 1 mm), and the other with large, spheroidal varicosities (1-5 mm), which are more densely clustered. Axons with large varicosities formed baskets surrounding the soma and the proximal dendrites of some interneurons [57, 58] .
Ultrastructural analyses of the 5-HT neurons showed yet another level of distinction between the 5-HTaxonal projections. This concerned their myelinization and the formation of synapses. While most of the 5-HT axons appeared to be non-myelinated, a sizeable fraction was myelinated, suggesting that ascending 5-HT axons may have different velocities of nerve conduction; the percentage of 5-HT myelinated axons was higher in primates than in rodents [59, 60] . Another important ultrastructural distinction among 5-HT axons was the formation of synaptic specializations. A majority of the terminal or 'en passant' boutons of 5-HT axons do not form synaptic specializations [61] , but a variable proportion of the 5-HT boutons do form synapses, revealed when serial sections are examined. This topic has recently been reviewed in detail by Descarries and co-workers [62] . 5-HT synaptic junctions can be either symmetric (i.e. without a post-synaptic density) or asymmetric (i.e. with a post-synaptic density). In all cases, 5-HT terminals synapse on spine heads or distal dendrites. Evaluations of the proportion of 5-HT terminals forming synapses varies according to the brain structure. Thus, in the cerebral cortex and hippocampus, only 20 per cent of the 5-HT terminals form synaptic junctions, whereas the incidence of synapses rises to 50 per cent in the substantia nigra, and 75 per cent in the basolateral amygdala [62, 63] .
It is still unclear whether different 5-HT receptors are associated with these different synaptic or non-synaptic terminals. Most of the G-protein-coupled 5-HT receptors are localized outside synaptic zones [64, 65] . However, the ion channel receptor 5-HT3, which is essentially present on interneurons, is localized to synapses and can have rapid phasic effects [66] . Furthermore, the 5-HT2A receptor has been found to be localized at post-synaptic densities [67] , and could therefore be associated preferentially to synaptic 5-HT junctions. For an extensive review of the subcellular localization of 5-HT receptors, see [68] .
ELECTROPHYSIOLOGICAL DIVERSITY OF THE RAPHE NEURONS
Recordings of raphe neurons in the different serotoninergic subnuclei conducted in brain slices from several mammalian species showed some common electrophysiological properties, such as slow, rhythmic activity in spontaneously active cells, broad action potential and large afterhyperpolarization potential [69] . Some variations in firing rate were however noted between the caudal (B3, pallidus) and the rostral (B7 and B8) raphe cell groups [70] , as well as differences in inhibitory response to the application of 5-HT1A and 5-HT1B agonists [69, 71] , which could reflect differences in receptor content or in the downstream coupling of these receptors in distinct parts of the raphe. Moreover, variations were noted in the excitability of the different parts of the dorsal raphe; in particular, there was an increase in the excitability of 5-HT neurons in the lateral wings of the dorsal raphe [72] , that could correspond to intrinsic differences between these neurons or between their specific afferents. In vivo juxtacellular recordings of 5-HT or putative 5-HT neurons showed further heterogeneity among raphe neurons, but this time with no particular relationship to a defined raphe cell group. Rather variations in the firing pattern were noted over the sleep -wake cycle [73] , or in relationship to hippocampal theta rhythms [74] . For instance, two types of dorsal raphe 5-HT neurons were identified, one type with slow-firing clock-like activity, and another type with a fast-firing pattern highly correlated with theta rhythmic activity [74] . These data reflect an interesting functional diversity of the 5-HT cells, even within one raphe cell group.
This functional diversity was further emphasized by observations of a differential activation of the dorsal raphe neurons under various situations of stress. For instance, whereas fear startle responses increased c-Fos in the most dorsal part of the dorsal raphe (DRD), fear conditioning experiments increased c-Fos expression throughout the dorsal raphe [75] . Similarly, a number of anxiogenic drugs or exposure to social defeat activate the dorsal and caudal parts of the DR [11, 76] . These individual functional properties of the raphe neurons could be related to intrinsic differences among the raphe neurons or to separate inputs to the raphe [77] , notably from the prefrontal cortex that appears to inhibit the activity of the dorsal raphe neurons [78] and from the locus coeruleus [79, 80] that provides a major stimulatory drive.
NEUROCHEMICAL DIVERSITY OF RAPHE NEURONS' CO-TRANSMITTER PHENOTYPES
Neurons containing different neuropeptides, gamma aminobutyric acid (GABA) and glutamate have been found to be present in the raphe nuclei. The question of whether these signalling molecules are co-localized with 5-HT has been repeatedly investigated. Co-localization of 5-HT with neuropeptides was shown to be variable according to species and the methods used. For instance, many neuropeptides were reported to be present in the raphe of the rat, such as substance P (SP), thyrotropin-releasing hormone (TRH), leucineenkephalin (LEU-enk) and methionine-enkephalin (MET-enk), and shown to coexist with 5-HT in the caudal raphe groups, i.e. the raphe magnus, raphe obscurus and raphe pallidus [81] . Corticotropin-releasing factor (CRF) was also identified in a subpopulation of 5-HT neurons that project to the central amygdala [82] . In contrast, an extensive co-localization study, using a panel of 12 different peptides-including the peptides cited earlier (SP, TRH, enkephalins and CRF), revealed no co-localization in the mouse dorsal raphe, although neurons containing these peptides were indeed intermixed with the 5-HT neurons [83] . This indicated that peptide/5-HT co-neurotransmission is not relevant, at least not in mouse dorsal raphe. GABAergic neurons are also abundant in the raphe, although they appear to have a distribution largely complementary to that of 5-HT neurons [71, 83, 84] . However, glutamate decarboxylase GAD and 5-HT co-localization was reported in several studies [85, 86] , but representing a very small fraction of the raphe neurons. The other population of raphe neurons is that of the glutamatergic neurons, which may be separated according to the vesicular glutamate transporter subtype they contain-VGLUT1, VGLUT2 or the atypical vesicular glutamate transporter VGLUT3. In the raphe, both VGLUT2-and VGLUT3-positive neurons are found, but no VGLUT1 [85, 86] . The VGLUT2-positive neurons are largely distributed around the serotoninergic neurons in the raphe, whereas the distribution of the VGLUT3 neurons largely overlaps that of the 5-HT cells [87] [88] [89] . However, not all VGLUT3 neurons are 5-HT, and not all 5-HT neurons contain VGLUT3, depending on the different raphe subnuclei. For example, many 5-HT neurons in the lateral wings do not contain VGLUT3, whereas a high proportion of 5-HT neurons are double-labelled in the DRd [86] (figure 3). Tracing and lesion experiments have shown that the projections of these raphe neuronal subtypes differ [91] (with co-localized projections in the lateral septum, for instance, but not in the olfactory bulb). Further co-localization analyses of VGLUT3 and 5-HT in axon terminals reveal complex patterns of co-localization, with 50 per cent co-localization in the prelimbic cortex and the CA3 field of the hippocampus, but 30 per cent co-localization in the CA1 field of the hippocampus [92] .
Overall, these studies indicate that the neurochemical architecture of the raphe is complex, with a combination of 5-HT, peptidergic and glutamatergic neurons. The only clear and reproducible co-localization uncovered up to now is that of VGLUT3. However, there is no definitive evidence that glutamate is actually used as a neurotransmitter by these neurons. Rather, the function of VGLUT3 in the 5-HT neurons could be to enhance the efficiency of vesicular packaging, and hence of 5-HT neurotransmission [92] .
GENETIC DIVERSITY: REVEALED IN Pet1
KNOCKOUT MICE The molecular cascade leading to the differentiation of the 5-HT raphe neurons has now been largely clarified, and the genetic basis for a heterogeneity along the rostro-caudal axis of the raphe is beginning to emerge. The molecular basis of 5-HT raphe specification has been extensively reviewed recently [33, 42, 44, 93] and will not be detailed here. Briefly, serotoninergic progenitors are produced in the brainstem in different rhombomeres (r1-r3 for the rostral group, r4-r7 for the caudal group) under the influence of a set of secreted factors, including Sonic hedgehog (SHH), Fibroblast growth factor FGF8 and FGF4, which determine their position in the neural tube. Two main transcriptional cascades are involved in the specification of the 5-HT identity, one for the rostral 5-HT cell groups and the other in the caudal 5-HT cell groups. These form transcriptional networks that ultimately converge on factors that act on differentiating neurons as selectors of the monoamine and 5-HT identity. In the brainstem, these factors were identified as LMX1b and PET1 [39, [94] [95] [96] . Lmx1b is upstream of Pet1 and has broader effects on monoaminergic cells, in particular, in the differentiation of the dopaminergic neurons. Pet1 expression is more limited and quite remarkable by its selectivity to 5-HT neurons of the brainstem. In rodents, the expression of Pet1 precedes the appearance of 5-HT neurons by 24 h [97] , and a minimal promoter of Pet1 drives the expression of reporter or other genes selectively to the 5-HT neurons [98] . Moreover, PET1 controls directly a large number of genes that define the 5-HT phenotype during development [94] and in adulthood [95] .
In the Pet1 knockout (KO) mouse, a majority of the 5-HT raphe neurons do not develop, and there is Figure 3 . Transcripts for Tph2, Vglut3 and R-crf2 (receptor for CRF) on consecutive coronal sections through the dorsal raphe of control (a -c) and Pet1 knockout (e -g) mice. An overlay using false colour code is shown in d and h. In control raphe (d), the three transcripts delimit nested domains within the dorsal raphe, outlining in particular the Tph2-positive neurons in the lateral wings, which do not contain Vglut3 or R-crf2. In Pet1 KO raphe, the number of Tph2-positive neurons is reduced by 70%, while Vglut3-containing neurons are reduced by 30%. However, double combining Vglut3 in situ hybridization with TPH immunocytochemistry [90] indicated that most of these remaining Vglut3 neurons are not serotoninergic. Micrographs taken by Vera Kiyasova.
a 70 per cent reduction of the raphe neurons in all B1 -B9 cell groups, with a downregulation of several key genes of the 5-HT phenotype in residual neurons, suggesting that all raphe 5-HT neurons require PET1 for their full differentiation [94] ( figure 3 ). However, on closer examination of the remaining 5-HT innervation, a very peculiar distribution was noted. Rather than a homogeneous decrease of immunostaining in all brain areas, which was expected based on the homogeneous pattern of cell loss in the raphe nuclei, the remaining 5-HT fibres were concentrated in very specific areas, and completely absent from other areas. For instance, a normally dense innervation was visible in the posterior part of the basolateral nucleus of the amygdala, in the intralaminar thalamic nuclei and in the paraventricular hypothalamic nucleus, with no innervation whatsoever in neighbouring forebrain [90] (figure 4). In most of the areas where 5-HT axon terminals remained in the Pet1 KO, the 5-HT axon varicosities were large, with very few or no fine varicosities. In the cerebral cortex and hippocampus, that contain a majority of 5-HT axons with small varicosities, the density of 5-HT innervation was reduced by 85 per cent, and the residual 5-HT axons in these areas displayed large varicosities. Ultrastructural examination of the remaining 5-HT axon varicosities showed a normal content in small and dense core vesicles, but, more surprisingly, a high incidence of synaptic junctions. The increased frequency of synaptic junctions was confirmed in the three brain areas in which a strong residual 5-HT innervation was noted, the basolateral amygdala, the intralaminar thalamic nuclei and the paraventricular hypothalamic nuclei. This suggested that a particular anatomical subclass of 5-HT raphe neurons, characterized by large varicosities, synapse formation and restricted terminals in limbic brain areas, did not require PET1 for their differentiation.
Before reaching this conclusion, we carried out different functional and developmental analyses to rule out possible consequences of the lack of PET1 on the remaining 5-HT neurons. The function of the remaining 5-HT axon terminals in the Pet1 KO was tested by examining the effects of the 5-HT releaser, fenfluramine. One hour after drug exposure, c-Fos became activated in several areas that contain a dense 5-HT innervation, such as the paraventricular hypothalamic nucleus. Moreover, secretion of corticosterone in the blood was triggered. In the Pet1 KO, we observed that c-Fos activation and corticosterone responses were similar to control. Other functional tests, including measures of uptake and release in vitro, showed normal properties of the Pet1 KO terminals. Developmental studies revealed no impairment in the growth of 5-HT fibres in vitro and in vivo; the main ascending 5-HT tracts, notably, were present and normally distributed in the mutants. The topographic organization of the raphe neuron projections appeared to be normal, with raphe projections to the basolateral amygdala arising from the dorsal raphe. However, projections to the hippocampus were reduced in number compared with control, and comprised only non-serotoninergic neurons, indicating that the raphe neurons that failed to differentiate as serotoninergic neurons also failed to reach their normal targets. This interpretation was supported by retrograde tracings from the cerebral cortex, which showed reduced raphe-cortical projections in the Pet1 KO mice [95] .
Because of the neurochemical heterogeneity of 5-HT neurons summarized earlier, we investigated in the Pet1 KO the co-localization of Vglut3 and CRF2 receptor gene (R-crf2) in the residual 5-HT raphe neurons ( figure 3) . Analysis of single labelling from serial sections showed a relative preservation of the Vglut3 labelling in the raphe, and a reduction of the population of neurons expressing R-crf2. However, double-labelling experiments showed that the remaining 5-HT neurons in the Pet1 KO mice did not contain Vglut3. Therefore, the preservation of the Vglut3-expressing neuronal population most likely reflected the preservation of the non-serotonin raphe neurons expressing this transporter [99] .
These experiments indicated that the raphe neurons that do not require PET1 for their serotoninergic differentiation normally project to areas such as the basolateral nucleus of the amygdala, where they form functional synapses. In contrast, the more abundant PET1-dependent 5-HT raphe neurons, which normally target the cerebral cortex, hippocampus and striatum, do not differentiate and could remain in an immature state of differentiation, as indicated by their lack of a 5-HT phenotype, lack of projections and electrophysiological characteristics suggesting an immature state.
PET1-DEPENDENT AND -INDEPENDENT SEROTONIN POPULATIONS IN THE ZEBRAFISH BRAIN
On the basis of expression pattern, it can be assumed that the transcriptional networks controlling raphe 5-HT neuron development in zebrafish are similar to those in mammals, including factors such as NK2 homeobox 2 (Nkx2.2), GATA-binding protein 2 and 3 (Gata2 and 3), and Lmx1b. The importance of the transcription factors Foxa2 and Irx1a for the differentiation of raphe 5-HT neurons has also been demonstrated [100, 101] . In zebrafish, pet1 is co-expressed with tph2 in the hindbrain during embryonic, larval and adult stages (figure 2). Zebrafish pet1 expression precedes that of tph2 [31, 55] , and immunohistochemistry for the mitotic marker phospho-histone H3 shows that zebrafish pet1 is expressed at post-mitotic serotoninergic precursor stages and onwards (G. Stigloher 2008, personal communication). Interestingly, none of the forebrain serotoninergic groups expressed pet1. Considering the key function of Pet1 for the development and maintenance of the full mature 5-HT identity, it can be hypothesized that a paralogous pet1 gene is expressed in the other serotoninergic populations of the zebrafish or that another Ets-domain factor is essential for these populations. However, this factor has not yet been identified.
Little is known regarding the non-raphe 5-HT populations in zebrafish, in terms of requirement of molecules controlling their development. The involvement of Shh, Fgf and wingless-type MMTV integration site family (Wnt) in forebrain development has however been demonstrated [102] [103] [104] [105] . As regards 5-HT neurons, it was shown that the transcription factors Fezl [106] and Etv5b (P. Gaspar & C. Lillesaar 2012 unpublished data), as well as the transcription elongation factor Foggy, control their generation in the embryonic stage [107] . The mechanisms of action of these factors remain to be elucidated.
Thus, the generation and maintenance of the neuronal 5-HT identity appear to involve the activation of multiple signalling pathways, and a combination of regulatory factors that is highly complex and variable, both within and between the different 5-HT neuron populations. This possibly reflects the heterogeneity seen among the mature central 5-HT neurons in vertebrates.
CONCLUDING REMARKS
Studies from various fields of investigation bring support to the view that 5-HT-containing cells, in general, and neurons using 5-HT as a transmitter, in particular, constitute a highly heterogeneous population. In the present review, we have described how the neurons vary with respect to metabolic pathways, anatomical characteristics, axonal morphology, neurochemistry, neurotransmission and electrophysiological properties. This plethora of characteristics is likely to be, at least partly, genetically encoded. Indeed, genetic studies in mice and the use of genetically tractable vertebrate model organisms, such as zebrafish, are helping us to decipher the genetic underpinning of the mosaics of neurons, and ultimately shed light on how multiple pathological conditions may affect the function of the central serotoninergic neurons.
For instance, the genetic diversity of central serotonin neurons will be interesting to relate to the regionally localized changes in TPH2 expression that have been observed in the raphe of patients with severe depression [108] ; at the other extreme, they may help us to understand how abnormal maturation of raphe neurons could be involved in the pathogenesis of sudden infant death syndrome [109] . Another promising direction of research will be the Review. Probing raphe neurons P. Gaspar and C. Lillesaar 2389 understanding of the molecular make-up of the diverse serotonin cell groups, with more systematic investigations than those carried out in the past. This should include genome-wide investigations of the composition of the individual raphe cell groups, with transcriptome [110] and proteomic approaches, or single cell analyses of raphe neurons coupled to gene expression analyses [111] . Such investigations have already started to yield some unexpected molecular differences between the rostral and caudal raphe groups [110] . Future research should yield a more refined understanding of why 5-HT neurons are so much alike and yet so different. 
